Recent exploration of the New England and Corner Seamounts revealed four 13 new species of Chrysogorgia, described here using a combination of molecular 14 and morphological data. These four species are characterized by a sinistral 15 spiral, a character that, with one known exception, has only been reported for 16
INTRODUCTION 26 27
Chrysogorgia is a relatively speciose genus, with 62 currently recognized species 28 (Cairns, , 2002 (Cairns, , 2007 . Presently, only nine species are known from the 29 northwestern Atlantic, all of which were described from environments associated 30 with the continental slope and the lee of Caribbean islands, and from relatively 31 shallow waters (over 40% of the observations reported in have an 32 average depth < 500 m). Recently, a series of cruises on the New England and 33
Corner Seamounts (northwestern Atlantic) revealed a wealth of octocorals 34 (Thoma et al., 2009; Shank, 2010) , including chrysogorgiids (Watling, 2007; 35 Technological advances and the relative availability of remotely-operated 66 vehicles (ROVs) catalyzed studies on the community ecology of deep, benthic 67 ecosystems (e.g. Lundsten et al., 2009; McClain et al., 2009) , and many 68 research groups now use in situ video footage and photographs to make faunal 69 inventories. In fact, the resolution of the video equipment on ROVs allows 70 researchers to observe individual coral polyps on live colonies, and even see 71 minute details such as pinnules on tentacles. Such capabilities have led 72 researchers to try to identify octocorals colonies to the species level. In this paper 73 we will discuss the limits of using these technologies to identify Chrysogorgia 74 colonies. 75
Branching sequence 119
Branching sequence was determined for all colonies based on the following 120 parameters: the direction of the spiral, the number of branches that one needs to 121 travel up the stem to recover the plane of a reference branch, and the number of 122 revolutions necessary to do so (Versluys, 1902; Cairns, , 2002 Cairns, , 2007 . 123
Traveling up the stem from the base to the tip of the colony (i.e., direction of 124 colony growth), the spiral can be clockwise (dextral, abbreviated R) or counter-125 clockwise (sinistral, abbreviated L). A three-dimensional model is presented in 126 DNA was extracted from frozen (-80°C) or ethanol-preserved (95%) tissue using 144 a modified CTAB protocol (France et al., 1996) or using the MasterPure DNA 145 purification kit (Epicenter). The first 697 bp of the protein-coding, mitochondrial 146 msh1 gene were amplified and sequenced as described in Thoma et al. (2009) . 147 DNA sequences of specimens representing each haplotype, for each seamount 148 peak, were submitted to GenBank. The phylogenetic relationship between the 149 species presented here and other Chrysogorgia species will be presented in a 150 forthcoming publication. 151 152
Statistical analysis 153
Variation in sclerite length across haplotypes and polyp body compartments was 154 characterized using frequency histograms. The effect of growth on continuous 155 variables related to colony morphology was assessed by plotting ordered 156 measures (taken from the base to the tip of the colony) for the two specimens 157 that were sampled with their holdfast (KEL407-2 and NAS201-2) and a third, tall 158 colony (KEL619-1) that was sampled very close to its base. The interbranch 159 distance is used as an example. Eight continuous and two discrete (presence / 160 absence, coded as 0 and 1) variables were used in a Principal Components 161 Analysis (PCA; characters listed in Table 1 categories based on the zonation of sclerite types (scales and rods / spindles) in 262 the polyp. The "Spiculosae" (also called Group A) consists of species that have 263 typicae" (Group C) consists of species with scales in the polyp body wall and 265 tentacles. Versluys (1902) The holotype is 42 cm tall and 19 cm wide. It was collected from a hard 334 substrate, and cut by the ROV manipulator arm very close from its base. In situ 335 photographs show a white / yellow discoidal holdfast for this specimen. Some 336 colonies (NAS201-2, GOO108-1) were collected with their discoidal holdfast. 337
The colony consists of a wide 1/3L spiral, and when viewed from below shows 338 three large passageways produced by the regularity of the branching. The stem 339 has a deep golden color and a metallic luster. It is stiff and significantly thicker 340 than the base of branches along most of the colony (proximal area: stem at least 341 twice as thick as branches; distal area: stem and branches almost equally thick). 342
Every time it gives off a branch, the stem deviates from the main axis, producing 343 a zigzag pattern typical of Chrysogorgia. On the holotype, the interbranch 344 distance varies between 6 and 15 mm (average 11 mm ± 2; all specimens: 10 ± 345 3 mm, 4-30 mm, n=219), and the orthostiche interval is about three times as 346 much (holotype: 30.7 ± 5.6 mm, 16.7-38.9 mm, n=23; all specimens: 27 ± 7 mm, 347 14-42 mm, n=124). Branches are as stiff as the stem at their base (diameter, Paratypes were chosen to cover the range of variation revealed by the PCA. 404
Colony silhouette varies across specimens. While most are tall bottlebrushes, 405 much taller than they are wide, some are as wide as they are tall. For example, 406 NAS201-2 is 27 cm tall and 30 cm wide, while KEL613-1 (holotype) is 42 cm tall 407 and 19 cm wide. Ten of the 14 colonies examined have a very regular 1/3L 408 branching pattern. However, variation was observed in four specimens 409 (GOO108-1, LYM201-2, KEL202-2, NAS103-2). One of them is particularly 410 noteworthy: ten centimeters from the holdfast, the axis of the GOO108-1 shifts by 411 43°, perhaps indicative of a response to the overall position of the colony relative 412
to environmental conditions such as current flow. Also, most of the branches of 413 LYM201-2 fell off shortly after fixation. The size frequency of sclerites was 414 variable between polyps from different colonies (see results section). Multiple 415 were examined, we obtained a few branch fragments from a fifteenth one 419 (RET101-1), which corresponds to the deepest occurrence of msh1 haplotype A, 420
and is the deepest recorded occurrence of any species in the genus. The holotype is a narrow bottlebrush colony, 25 cm tall and 11 cm wide. It was 470 collected with its discoidal holdfast. The colony consists of a narrow 2/5L spiral. 471
The stem has a brown-golden color and the metallic luster typical of 472 Chrysogorgia. Every time it gives off a branch, the stem deviates from the main 473 axis, producing a zigzag pattern. The stems of older colonies have a darker 474 color. About 4 cm from the holdfast, a side branch forms a secondary stem, itself 475 characterized by a regular, narrow 2/5L spiral. It is stiff and significantly thicker 476 than the basal branches along most of the colony (proximal area: stem over twice interbranch distance is short (holotype: 3.3 ± 1.3 mm, 1.8-6.2 mm, n=27; all 479 specimens: 4 ± 1 mm, 2-10 mm, n=122). Moving distad along the stem, the 480 interbranch distance progressively increases from about 2 mm to almost 6 mm 481 ( Figure 5 ). The orthostiche distance is about five times the interbranch distance 482 (holotype: 18.8 ± 2.4 mm, 15-21 mm, n=8, all specimens: 20 ± 4 mm, 11-30 mm, 483 n=74). Branches are as stiff as the stem at their base (diameter, holotype: 0.7 ± 484 0.2 mm, 0.4-1.2 mm, n=24; all specimens: 0.7 ± 0.3 mm, 0-1.3 mm, n=55), and 485 thinner and more flexible toward their tip. They emerge from the main stem at an 486 obtuse angle (holotype: 121 ± 10.8°, 102.7-134.8°, n=10; all specimens: 121 ± 487 9°, 97-138°, n=45) at regular intervals. On average, the internodes are as short 488 as the interbranch distance (distance between the stem and the first internode, 489 holotype: 4.7 ± 1.6 mm, 2.4-6.5 mm, n=10; all specimens: 6 ± 1 mm, 2-9 mm, 490 n=56). Branching occurs in multiple planes, and branching order is stable along 491 the colony, varying between the 6 th and the 8 th order. There is no evidence of 492 anastomosing between the branches of the holotype, but two of the four colonies 493 (or just next to the node) on the holotype, and other examined colonies can carry 500 between zero to two polyps on the internode in addition to the polyp situated 501 directly on or next to the node. Branch tips carry one or two polyps. This is the 502 general case, but up to five polyps can be observed on the terminal branchlet. 503
Polyps overall are oriented upward, with many exceptions. They are on average 504 as wide (holotype: 1.1 ± 0.3 mm, 0.6-1.4 mm, n=20; all specimens: 0.9 ± 0.3 mm, 505 0.6-1.7 mm, n=76) as they are tall (holotype: 1.3 ± 0.3 mm, 0.8-1.9 mm, n=40; all 506 specimens: 1.1 ± 0.3 mm, 0.4-1.9 mm, n=100), and can be slightly constricted at 507 to Chrysogorgia artospira sp. nov. Madsen (1944) noted that this species seems 546 "more closely related to C. acanthella (Wright & Studer) , from which it may, 547 however, be distinguished by its larger zooids, the absence of cnidal papillae, 548 and its much closer layer of scales in the coenenchyma." The polyps of C. 549 campanula are indeed stout and densely packed with sclerites. They have a 550 "trumpet" shape (the width of the polyp increases from its base upwards) that 551
Chrysogorgia artospira sp. nov. clearly lacks. The tentacles of C. campanula are 552 thicker than those of Chrysogorgia artospira sp. nov. Although the interbranch 553 distances (3-3.5 mm) and internodal distances (2.5-9 mm) reported in Madsen 554 (1944) are similar to ours, the colony examined by Madsen was 8.5 tall, while the 555 specimens we examined were no smaller than 23 cm in height (this height 556 difference may simply reflect an age difference). Both C. campanula and C. 557 acanthella differ from Chrysogorgia artospira sp. nov. by the presence of polyps 558 on the stem and sclerites in the branch coenenchyme. C. acanthella has 559 abundant verrucae in the coenenchyme (giving it a rugged appearance) and an 560 interbranch distance of 1.5 mm. C. pendula was described from part of a highly This species is described from a single specimen. The holotype is 42 cm tall and 582 25 cm wide. It was collected from a tall colony, the main stem having been cut by 583 the ROV manipulator claw near the base of the colony. Based on extrapolation 584 from lab and in-situ photographs, the colony was about 45 cm tall. The holdfast is 585 a very small disk, about 1-2 cm diameter. The colony consists of a wide 3/8L 586 spiral. The stem has a golden color with a faint green tinge and a metallic luster. 587
Every time it gives off a branch, the stem deviates from the main axis, producing 588 a zigzag pattern. The stem is stiff and significantly thicker than the base of 589 branches along most of the colony (proximal area: stem twice as thick as 590 branches; distal area: stem and branches almost equally thick). The interbranch 591 distance varies between 9 and 13 mm (average 11 ± 1 mm), and the orthostiche 592 interval is particularly long (76 ± 1 mm, 75-78 mm, n=4). Branches are as stiff as 593 the stem at their base (diameter: 1.1 ± 0.2 mm, 0.8-1.6 mm, n=14), and thinner 594 and more flexible toward their tip. They emerge from the main stem at an obtuse 595 angle (104 ± 10°, 97-122°, n=10) at regular intervals. Internodes are 596 characterized by a slight curvature; bifurcations are "U"-shaped as a result (this 597 curvature makes the angle between bifurcating branches particularly obtuse: 108 598 ± 10°, 91-124°, n=15). Branching occurs in multiple planes, and branching order 599 between the stem and the first branch node is 17 ± 2 mm (13-19 mm, n=6), and 602 the internodal distance progressively decreases moving distad (size of branchlet: 603 8 ± 4 mm). 604
Polyps are yellow / orange while alive and turn white in ethanol. Axial 605 polyps were not observed, and polyp occurrence most often starts on the first 606 branch internode. Most internodes carry zero to two polyps, most commonly one 607 to two. Polyps are equally spaced on the internodes, and are not found on the 608 nodes. Terminal branchlets carry one to three polyps, but most have one. Most 609 polyps are oriented up and outwards. They are on average longer (1.5 ± 0.3 mm, 610
1.1-1.9 mm, n=13) than they are wide (0.7 ± 0.1 mm, 0.5-1 mm, n=20), and are 611 slightly constricted at the neck. Cnidal papillae are present on the polyp body wall 612 and the branch coenenchyme ( Figure 11E ). Egg-bearing polyps are 613 characterized by two pouches that sit on each side of the branch, as if they were 614 saddle bags ( Figure 11D ; arrow pointing to an egg: Figure 11 The holotype is a small, narrow, sparsely branched colony with a bottlebrush 680 shape. It is 16 cm tall and 7 cm wide. The paratype NAS204-1 is much taller (29 681 cm) and wider (24), but in very poor condition, most branches having fallen off 682 the stem after fixation of the specimen. It is not bottlebrush-shaped, but rather a 683 bush of branches perched on top of a long stem. From in situ photos, it can be 684 estimated that the colony was about 50 cm tall, 20 cm wide, and started 685 branching about 20 cm from its base. The holdfast of the holotype is only slightly 686 visible in the in situ photos, and appears to be a small disk attached to some 687 exposed basalt with a veneer of biogenic sand. In the paratype the holdfast is a 688 small disk about 1 cm diameter. Colonies are golden with a metallic luster and 689 have a counter-clockwise (L) spiral. The branching sequence is irregular, 1/3 or 690 1/4 in places. The holotype is slender, but the paratype is stiff, with thick axis 691 (diameter 2.2 mm at the base) and branches (diameter at the base: 0.9-1 mm, n=2). In both specimens, the axis is thicker than the branches near the base, but gets thinner when moving distad. Towards the tip of the colonies, the stem is as 694 thick as the side branches. Every time it gives off a branch, the stem deviates 695 from the main axis, producing a zigzag pattern typical of Chrysogorgia. The 696 interbranch distance is short on the holotype (5.1 ± 0.6 mm, 4.3-6.8, n=20) and 697 twice as long on the paratype (10.7 ± 3 mm, 7.5-15, n=9). Branches emerge from 698 the main stem at an obtuse angle (holotype: 98.4 ± 5.9°, 92.3-109.3°, n=9; 699 paratype: 112.4 ± 2.7°, 110.5-114.3°, n=2) at regular intervals. The distance from 700 the stem to the first interbranch is 8.5 ± 2.1 mm (6.1-11 mm, n=6) on the 701 holotype. This parameter could only be measured on two instances on the 702 paratype, and is about 16 mm in both cases. The angle between subdividing 703 branches is acute (holotype: 92.2 ± 8.5°, 83.3-102.2°, n=4, n=15; paratype: 72.3 704 ± 11.6°, 54.7-86.3°, n=10). They bifurcate only once or twice on the holotype. 705
Branching order is much higher in the paratype, although this parameter is hard 706 to assess due to the poor preservation of the specimen. While anastomoses 707
were not observed on the holotype, fused polyps (different polyps attached at 708 their base) were observed on the paratype. On the holotype, internodes bear one 709 or two polyps, one being close to the node. This character cannot be assessed 710 from the paratype. Terminal branchlets bear one to three polyps on the holotype, 711 and one to six polyps on the paratype. 712
Polyps are orange while alive and turn white in ethanol. Axial polyps were 713 not observed. Polyps are mostly oriented upward. They are on average longer 714 (both specimens: 1.5 ± 0.4 mm, 0.8-2.2 mm, n=27) than they are wide (both 715 specimens: 0.9 ± 0.2 mm, 0.6-1.4 mm, n=27), and are strongly constricted at the 716 neck. No cnidal papillae were observed on the polyp or the branch 717
coenenchyme. 718
The branch coenenchyme bears small, rugged scales (both specimens: 719 135 ± 40 µm, 19-238 µm, n=80). In the polyp body wall, sclerites are in the form 720 of rods (both specimens: 227 ± 78 µm, 60-399 µm, n=160) and smooth, 721 elongated scales of idiosyncratic shapes (both specimens: 120 ± 43 µm, 38-251 722 µm, n=250). They are mostly found transversally and longitudinally arranged (i.e. While VER202-1 is the smallest colony of this species (and the smallest 738
Chrysogorgia collected on the NES and CS), and therefore probably a juvenile 739 colony, it was chosen over NAS204-1 as the holotype for its better preservation. 740
A third colony (NAS102-3) corresponding to haplotype E was collected. However, 741 everything but a few branches was lost during ROV maneuver. Based on in situ 742 photographs, this colony was bottlebrush-shaped, and much taller (about 60 cm) 743 than it is wide (about 13 cm). It had a discoidal holdfast, and was bifurcating 744 about 21 cm from its holdfast, in a manner very similar to what as described for 
Species delimitation and identification 777
The four msh1 haplotypes were matched to four, non-overlapping morphotypes 778 (PCA, Figure 2 ), suggesting that the species described here are true evolutionary 779 units rather than artificial groupings. These results underline the usefulness of 780 msh1 as a barcode for Chrysogorgia on the NES and CS chains. As well, the use 781 of PCA was shown to be particularly useful to assign Chrysogorgia specimens to 782 a particular species. Many of the characters used to separate Chrysogorgia 783 species are continuous, and in many cases, there can be significant overlap 784 between character ranges for different species. For example, interbranch 785 distance was shown to be a useful character to separate haplotypes A and B, as 786 the interbranch distance of A was significantly larger than that of B (Kruskal-787
Wallis rank sum test: X 2 = 204, df = 1, p-value < 0.001). However, the two 788 distributions still overlap, as the minimum interbranch distance is 4 mm for 789
Chrysogorgia tricaulis sp. nov., while the maximum distance is 10 mm for 790 There was a clear trend towards increasing spacing between branches along the 796 stem in the direction of growth ( Figure 5 ). In the case of KEL407-2, the 797 interbranch distance almost triples from its base to its tip. The effect of growth on 798 colony morphometrics has previously been reported (Kinoshita, 1913;  description 799 of C. aurea), and has strong implications for species identification. It should be 800 taken into account when diagnosing juvenile or older but fragmentary colonies. 801 802 This set of specimens exemplifies the difficulty of identifying colonies to the 803 species-level based on in situ images and videos. There is a rapid increase in the 804 number of studies using remotely-operated vehicles to survey deep benthic 12 th Deep-sea Biology Symposium in Reykjavík, Iceland, 2010). While this might 808 be an achievable goal at the genus level (in select biogeographic regions), is it 809 impracticable at the species level within the Chrysogorgiidae. Chrysogorgia is 810 one of the most speciose of the alcyonacean genera (Cairns, 2002) . Groups of 811 species can be distinguished using the zonation of sclerite types within the polyp 812 (groups A, B, C - Wright & Studer, 1889; Versluys, 1902; and 813 branching sequence. While sclerite zonation is impossible to assess from videos, 814 branching sequence is impracticable to assess, because of lack of perspective 815 from videos and the profusion of branches in some species (masking the stem 816 and its branching pattern). Differences between species within a set defined by 817 sclerite zonation and branching sequence are subtle, and include characters 818 such as the number of internodes and placement of polyps on branches, 819 orientation of sclerites on the polyp, presence / absence of specialized sclerites, 820 all of which are impracticable or impossible to get from photographs or videos. 821
One tempting solution is to identify specimens based on the known distributional 822 range of a particular species. However, most deep-sea octocorals have very 823 poorly known distributional ranges (except for many pennatulaceans, which have 824 relatively well-established bathymetric ranges -G.C. Williams, pers. comm.), and 825 our genetics-based studies are suggest that many taxa have distributions far 826 wider than previously known. Finally using video for faunal inventories is likely to 827
(1) severely reduce estimates of diversity, as the rate of species discovery is still 828 very high for this group of organisms and (2) bias estimates of distributional 829 ranges, as the rate of species misidentification could be high. to the morphological profile based on the NES and CS samples, morphology of distance on the NES and CS, was represented in the Bahamas by 1/3L-1/4L 839 colonies with a long interbranch interval. These colonies, however, belong the 840 Squamosae typicae (group C; rods in the polyp body wall and tentacles), as 841 would be expected for haplotype B. Because more extensive genetic sampling 842 suggests that haplotype A is derived from haplotype B, we can hypothesize that 843 morphological characters such as branching sequence can evolve faster than 844 msh1. As a result, Chrysogorgia specimens with identical msh1 sequences may 845 not necessarily belong to the same species, but rather belong to different, 846 recently-diverged sister species. Indeed, this pattern is not uncommon among 847 octocorals (e.g. McFadden et al., 2011) . We must caution that only about 700 bp 848 of msh1 were used in this study, and additional sequencing will be required to 849 reliably separate specimens from closely-related species. In addition, 850 morphological analysis of the Bahamas material is preliminary, and a more 851 thorough analysis will be required. 852
853

Comparisons with NW Atlantic Chrysogorgia 854
There is a sharp contrast between the previously-described NW Atlantic fauna 855 (reviewed in ) and the specimens collected on the NES and CS. 856
Most species reported by are small (less than 25 cm tall), slender 857 colonies, with closely-spaced branches (interbranch 0.5 -6 mm). Three of the 858 nine described species have a rhizoidal holdfast, adapted to soft sediments. 859
Overall, these specimens were sampled from significantly shallower depths, on 860 slope environments ( Figure 14) . Only 10% of the specimens reported in Cairns 861 summit and flanks of old seamounts of volcanic origin (Sleep, 1990) . While the 869 species reported in Cairns (2001) and the ones described here seem to be 870 sympatrically distributed (Figure 14) , they are in fact found in disjunct habitats, as 871 our NW-most samples were collected on seamounts impinging on the continental 872 margin (e.g. Bear Seamount), and not on the slope itself. In situ photographs 873 confirm that all colonies reported here were sampled directly on hard substrates 874 or lightly sedimented areas, and all four species have encrusting, discoidal 875 holdfasts adapted to attachment to hard surfaces. Previously described NW 876
Atlantic species may therefore be adapted to different environments, 877 characterized by more sedimented substrates, higher primary productivity and 878 different hydrological regimes. Finally, sampling strategy might explain why the species described herein were 890 apparently never sampled before. Hard substrates from escarpments and walls 891 were targeted during the NES, CS and Bahamas cruises. These areas, chosen 892 because they are most often associated with accelerated currents preferred by 893 filter-feeding invertebrates such as corals, are difficult or impossible to sample 894 using dredges or trawls. 895 896 Atlantic-Pacific connections species from the Atlantic were described with a dextral (R) spiral. Species 900 characterized by a sinistral spiral have been described from the Coral Triangle, 901
Japan, Hawaii and the Gulf of Panama. Two of the four species found on the 902 NES and CS have smooth scales in their polyp body wall and tentacles 903 (Squamosae typicae, group C). Again, with the exception of C. campanula, this 904 group has previously been described exclusively from Pacific locations. Finally, 905 one species (Chrysogorgia artospira sp. nov.) is represented on the NES and CS 906 by the msh1 haplotype B, which has been sampled twice from Hawaii (e.g. 907 specimen LAD23; Thoma et al., 2009 ). There is no evidence at present that all 908 specimens characterized by haplotype B belong to the same species (see 909 discussion of material from the Bahama Escarpment above). However, these 910 specimens are likely very closely related. These three lines of evidence (direction 911 of the spiral, zonation of sclerite types and msh1 haplotyping) all suggest a 912 faunal connection between the Atlantic and Pacific. This is further supported by 913 the fact that Iridogorgia, Radicipes and Metallogorgia (Chrysogorgiidae) all 914 possess msh1 haplotypes that are shared between Atlantic and Pacific locations 915 (Thoma et al., 2009 ). While the phylogenetic extent and the age of the 916 connection between Atlantic and Pacific will need further investigation, we can 917 hypothesize that this connection was sustained for the major part of the 918 morphological diversification of Chrysogorgia, as all major morphological 919 characters (spiral direction, major branching groups such as 1/3, 1/4 and 2/5, and 920 sclerite groups A, B and C) are present in both ocean basins. 
